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Abstract

Magnetic intensities obtained with satellite 1964-83C are used
to evaluate six harmonic sets being considered in relation to an Inter-
national Geomagnetic Reference Field. As the number of terms in each
series increases, the rms difference between observed and computed values
decreagses first rapidly and then slowly but ultimately reaches a plateau
value. The GSFC 12/66 field of Cain et al give the best fit to the
observations with the rms residual ultimately equalling 67y for geomagnetic

intensities in the range 15,000 to 31, 000y.
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Introduction

Harmonic descriptions of the geomagnetic field customarily possess
limitations traceable in large measure to the combined effect of the absence
of data over large areas, the non-uniform distribution of existing observa-
tions, the mutual dependence of harmonic coefficients, and the temporal
variation of the field. Evaluating and improving analytic representations
are continuing processes and recent studies with various observations and/or
precision indices are those of Heuring [196k4, 1965], Kautzleben [19647,

Cain et al,[1965], Fougere [19657, Cain [1966], Cain et al.,[1967]. Questions
on harmonics relate to the fit of the analytic representation to the observa-
tions, the number of terms required to describe the field to a certain
precision, the contribution of the individual terms, and errors in individual
coefficients.

New satellite observations provide a means of evaluating harmonic
descriptions formed from other data, and have the advantage of reduced
effects of crustal features permitting a more detailed examination of the
main field. The pfocedure here parallels that of Heuring but the scalar
intensities are morning non-storm time values from satellite 1964-83C

[Zmuda et al,, 1967], and the harmonic sets compose the group being

considered in relation to a temporary International Geomagnetic Reference
Field 1965.0 (IGRF 1965.0) by IAGA Working Group No. 8 (Analysis of

Geomagnetic Field) in Commission 3, where one of us (AJZ) is the chairman.
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The Geomagnetic Field

A series of solid spherical harmonics and their derivatives describe

the geomagnetic potential V and field components through

n=co m=r

n+l m m . m
V = a nzl mz—: [gn cosm) +h sinm 2] Py (cos §)
n=o m=n
1oV _ aynt2 o om mo_. 4 m
X = 25° (r) [g, cos mA *+h = sinmj] 35 Fa (cos o)
n=1 m=0
-1 v " E ante -m
2 ——— = _ A
Y TEin 8 o z: 2; (r) [51n e][ g sin m ) + h cos m A] P (cos 8)
n=1 m=0
n=e m=n
Z = g% = -(n + 1)( )n+2 [gs cosm) *+h sinmA] P (cos g)

w.-re X, Y, and Z represent respectively the northward, eastward
downward component of the intensity; a, the mean radius of the earth, 6371.2
km; r, the radial distance; @,the colatitude; )\, the east longitude;
Pgl (cos p) an associated Legendre function of degree n and order m, and of
the Schmidt semi-normalized type; ;n and h[n, coefficients determined in
analysis, The scalar magnetic intensity F equals [X2 ¥ + 7 ]1/2

In assessing harmonic descriptions, questions often arise on the
assumptions made in analysis of surface data and the procedure to be used in
evaluations for satellite altitudes. The earth's shape resembles an oblate
zphvrold more closely than it does a sphere; and surface component measure-

ments are made with respect to the local vertical due to gravity and to

directions in a plane normal to this vertical. Until rather recent times
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and in a practice compatible with the precision of the available data, it
was assumed that the measured components lie along the unii vectors for a
true sphere, that geodetic and geocentric colatitude are equivalent, and
that the earth is a sphere of radius 6371.2 km. Analysis of the observa-
tions then yielded the harmonic coefficients. For these cases, at least
two ways exist for extrapolating the field upward in a manner compatible
with one or more of the assumptions underlying the calculations for the
coefficients. With satellite position containing geodetic colatitude and
h, the height above the earth's surface assumed a sphere of radius a, the
magnetic intensity is computed from the field equations using the given
coefficients, geodetic colatitude and a + h for r. References to fields
computed here in this manner will have the label (GEODETIC), for the geodetic
approximation. A second approach is to use these coefficients with a
spherical geocentric coordinate system, (GEOCENTRIC) for this approximation.
With the improved observational data presently available, advances
in harmonic analysis take into account the oblateness of the earth and the
differences between the measured surface vector components and those
referenced to a true sphere Cain et al., [1965]; Kahle et al. [1964, 1965],
Coefficients derived in this manner are those in the GSFC 12/66 field
[Cain et al., 1967] for use directly with the field equations in spherical

coordinates.
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IGRF 1965.0

Contemporary considerations of an IGRF are primarily those of the
TAGA Working Group No. 8 and the World Magnetic Survey Board whose activities

are discussed, for example, in World Magnetic Survey [1967]. With respect

to the Working Group, the members adopted the suggestion of May 1, 1964, of
its chairman to undertake the evaluation of harmonic descriptions; and some
of its members(J. C. Cain, P. F. Fougere, and A. J. Zmuda ) discussed an IGRF
at an informal open meeting of the WMS Board at the University of Pittsburgh

on 18 November 1964 [WMS Notes No. 3, 1966]. In a major step B. R. Leaton

and S. R. C. Malin [communication to Working Group, dated Nov. 21, 1966] and
B. R. Leaton [communication dated March 3, 1967] examined relatively recent

sets; extracted five [Adam et al., 1962, 1963; Nagata and Oguti, 1962; Leaton

et al., 1965; Hurwitz et al., 1965; Cain et al., 1967]; and then computed for

1965.0 a median with 48 terms (n = m = 6) for the main as well as secular
change field as one case and with an additional 32 terms in the main field
(n = m = 8) as another. In a Working Group communication dated July 7, 1967,
J. C. Cain noted that the GSFC 12/66 field [Cain et al., 19677, gave a better
fit to the observations than either of the medians and suggested for the IGRF
this field truncated possibly at 99 terms (n =m=9) in the main field and
in the first derivative of the secular change, with the second derivative
dropped.

Figure 1 shows the range for 63 coefficients in the six sets in
the IGRF considerations. With the aid of the signed numbers and the signs
in the lower portion, some examples are: gi) extends from -30388 to -30328y;

1 3

hy, 5757 to 5856; hJ; -204k4 to -1940; hZ, -20 to +71; gg, -160 to +11;
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g%ﬁ 0 to 6. The coefficients lie in the range -30388 to +5856y; the spread
in values for a specific coefficient may be 5 to 2357.
The main field coefficients for the individual sets number between

48 and 168. With the exception of the series of Hurwitz et al , for 1965.0,

secular change data are available to update the coefficients to epoch 1965.4,
nereafter used as it represents the approximate center of our measuring

interval.
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The Rms Residual

Heuring [196k4, 1965] described the procedure for comparing the
various theoretical fields on a term-by-term basis. Briefly, with only the
first term in the potential series, where the coefficient is gil the field
EI is computed for each data point and compared to the measured value FG to

form an rms decimal residual R equalling the ratio of the rms of the observed

values

where I is the number of observations used, here 1331 values scattered
throughout the satellite region. Multiplying R by 22,417 gammas gives the
rms in gammas of the difference between observed and computed values.

The second term of the series is then added to the first and the
process repeated to yield a residual R for the partial harmonic series with
two terms. Other terms are subsequently added one at a time. Calculations
are made for the geodetic and geocentric approximations for the median field and

in the geodetic approximation for the sets of leaton et al , Hurwitz et al ,

Nagata and Cguti, and Adam et al , four groups for which limited calculations

for the geocentric approximation are also performed.

Figure 2 shows the range of R for all six harmonic descriptions for
the first twenty terms in the series and Table I contains the R values for
the individual sets. As the number of terms increases the residual decreases
in all cases except that when the b;'term is added, a deficiency present in

all sets and probably due to the data distribution used in the comparisons
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and/or in the s for the coefficients. At the hﬁ term all sets

give an R of a so that 20 terms describe the field to a precision
fof about 2%. The
’e preference is toward the fiéld of Cain etlal.

For tergs béyond the twentieth, distinct differences appear in tﬁ

of coefficients bu%v

residuals (see Figures 3 and 4) which sometimes have fluctuations but in all
cases reaéh s value unchanged by adding terms, which thus 4o not contribute
to the field description at 1100 km. altitude. This level is often preceded
by a section where the improvement is relatively minor as tﬁe térm-number
increases. For example, consider the coefficients and series of Cain et al.
" Here the residual R equals 4.2 x 10-3 for 48 terms in the series (up to hg),

drops slowly to 3.2 x 1073 for 63 terms (up to h;) and then is essentially
3

lO)

, for any partial series with 75 (hés) through 120 (th

constant, ~ 3.0 x 10~
terms,with the final 21 values not shown here.

Table 2 shows the rms difference in gammas for a selected number of
partial series, with the models ranked in order of increasing plateau residuals.
With the exception of the Cain et al series, derived for and here used with
geocentric spherical coordihates, as earlier noted,_these calculations were
made for. the geodetic and geocentric approximations, which in the main, give
comparable results. »

In summary, the best fit to the intensities observed with satellite
1§6u 83C is achieved with the GSFb 12/66 field of Cain et al., [1967], which

however for this satellite region could be truncated at around 75 terms in

the harmonic series.




6T T2 6°T 6°T 61T 6°T 8T g 7
€°1 £°2 T2 T°2 1°¢ T2 0°2 e %
€2 n°2 €2 €2 £ e £re A T %
€2 n°e €2 €2 €2 1A AR T 7
g-¢ 2-¢ 2t AR 2-¢ T°€ T°€ 0 f
0% 6°€ 6°¢ 6°€ 6°¢€ 6°¢ 8-t € ¢
0N 6°¢ 6°¢€ 6°€ 6°€ Q¢ g°€ ¢ €
AR A € H € H AR AR T z ¢t
o G Gh S G N nh e ¢
8°h £G 2°¢ 26 T°¢ e T°G T €
T°6 e uide uMe e £°¢ €°¢ T €
'8 '8 '8 '8 '8 g €3 0o ¢
0°6 26 €6 €6 26 €6 6 2 z
0°6 26 €6 6 €6 €6 7°6 2 2
96 86 86 66 Q6 6°6 0°0T T ¢
L8 8°8 6°8 6°8 6°8 69 6°8 T 2
9-€T 9°€t Q°¢T 9°¢T L°€T L°€T G'ET 0 2
7°CT f°GT G °CT #°GT G ¢t G CT £t T T
€81 £ QT #1°8T £°QT QT #7°QT £°gT T T
86T 86T g 6T 86T Q6T 86T L-61 o I
. , w u u u
W
‘Te 319 T30 “I®B 19 Aoﬁhpcmoowov Aoﬁpwvowov *IB 39 ‘Te 18 S8TJI9G UT
wepy ~-eyedeN Z3TMINY uBTpPaW UBTPON uoqBeaf ure) QUSTOTJIID0)D 3S¥]
§9TJ3G OTUOWIBH
.m-oa Jo s3rup Ut “Ms ysnoaysy OHw S3USTOTIIS0)
Y3TM SPTISG TRIZAE] 9Ul 40J ¥ Tenprsdy Tewroeq oul ‘T STABL




10

‘uorgeuTxoadde oTajuUa08) (2)

‘uotqeurxoadde or3eposd (T)

8ge 6le 89¢€ 806 9¢0e gehe me
80¢€ 00¢€ fLE T06 #7102 9trhE T ‘Te 39 wepy
9¢e 162 ot #€6 gnoze LT4E (2) T30
o1e ree 0TH 699 990¢ ola iy (1) pue eyedeN
LTT L1t L1t L1t 61T AAN ¢eT AR 19 063 Gceoe 6GHE (e)
Tt T<tT Tl Tet acl Get geT 112 T9¢ 088 cloz 6.1¢€ (T) T 3° z3tamy
60T 71T 62T 802 9¢¢t IXe; 8602 £GHe (2)
C1t o<t CeT 802 H7GE 993 gloe €lre (1) °T® 3° u03BI]
ot 0TT #2T 102 09¢ 288 2602 GhHE (2)
20T 90T €et 96T ®GE 2Ly TLOZ Gone (T) PTSTI UeBTPSR
i9 L9 69 el G6 TLT 92t 9hQ 6602 62rE ‘T® 3@ UrEd
AN 1T 0T 6 8 L 9 “ f € 2 T w=u ToPOW
Ms 1e JuTpuy SoTJ9g OTuowarly TBI L8]
copumen ul ‘soTqrsusjul paqndwo) pur PaAISSq) USSMISd SOUSISIIT(J SWwY 9UL ¢ STJ9BL




THE JOHNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY

SH.VER SPRING. MARYLAND

Acknowliedgments

We gratefully acknowledge the assistance of S. Favin and
E. Fyler of the Applied Physics Laboratory of The Johns Hopkins
University and the aid we derived from the deliberations of IAGA
Working Group No. 8, Analysis of the Geomagnetic Field. This work
was supported by the Naval Ordnance Systems Command, Department of
the Navy, under contract NOw 62-0604-c, by the National Aeronautics
and Space Administration, and by the Air Force Cambridge Research

Iaboratories.

11




THE JOHNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY

SILVER SPRING. MARYLAND

The range of values in the coefficients being considered for

an International Geomagnetic Reference Fleld.

The variation of the decimal residual and its range with the
terms with coefficients gi) through hi.

The variation of the decimal residual for terms with coefficients
gf through h%.

The variation of the decimal residual for terms with coefficients

9

k4
gg through h9.
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